The CRISPR (clustered regularly interspaced short palindromic repeat)/Cas (CRISPR-associated) system has emerged as a powerful tool for targeted gene editing in many organisms, including plants. However, all of the reported studies in plants focused on either transient systems or the first generation after the CRISPR/ Cas system was stably transformed into plants. In this study we examined several plant generations with seven genes at 12 different target sites to determine the patterns, efficiency, specificity, and heritability of CRISPR/Cas-induced gene mutations or corrections in Arabidopsis. The proportion of plants bearing any mutations (chimeric, heterozygous, biallelic, or homozygous) was 71.2% at T1, 58.3% at T2, and 79.4% at T3 generations. CRISPR/Cas-induced mutations were predominantly 1 bp insertion and short deletions. Gene modifications detected in T1 plants occurred mostly in somatic cells, and consequently there were no T1 plants that were homozygous for a gene modification event. In contrast, ∼22% of T2 plants were found to be homozygous for a modified gene. All homozygotes were stable to the next generation, without any new modifications at the target sites. There was no indication of any off-target mutations by examining the target sites and sequences highly homologous to the target sites and by in-depth whole-genome sequencing. Together our results show that the CRISPR/Cas system is a useful tool for generating versatile and heritable modifications specifically at target genes in plants.
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targeted gene modification | genome engineering G enome engineering tools are important for plant functional genomics research and plant biotechnology. The CRISPR (clustered regularly interspaced short palindromic repeat)/Cas (CRISPR-associated) system has been successfully used for efficient genome editing in human cell lines, zebrafish, and mouse (1) (2) (3) and recently applied to gene modification in plants (4) (5) (6) (7) (8) (9) (10) . In this system a short RNA molecule guides the associated endonuclease Cas9 to generate double strand breaks (DSBs) in the target genomic DNA, which lead to sequence mutations as a result of error-prone nonhomologous end-joining (NHEJ) DNA damage repair or to gene correction or replacement as a result of homologydependent recombination (HR) (11) . It was shown that engineered CRISPR/Cas caused mutations in target genes or corrections in transgenes in transient expression assays in plant protoplasts and tobacco leaves (10) . Importantly, stable expression of the CRISPR/ Cas in transgenic Arabidopsis, tobacco, and rice plants led to mutations (mostly indels) in target genes and correction of a transgene (4) (5) (6) (7) (8) (9) . However, it was not known whether the gene mutations and corrections occurred in somatic cells only or whether some of the mutations and corrections happened in germ-line cells and thus may be heritable. Additionally, it is unclear how specific the CRISPR/Cas is in plants. Previous studies in human cell lines indicated a high frequency of off-target effect of CRISPR/Cas-induced mutagenesis (12, 13) but a lower off-target effect in mice and zebrafish (14, 15) . Here we show that the CRISPR/Cas-induced transgene correction or mutations in endogenous plant genes and transgenes detected in Arabidopsis T1 plants occurred mostly in somatic cells. However, some of the gene modifications were transmitted through the germ line and were heritable in Arabidopsis T2 and T3 plants following the classic Mendelian model. Mutations caused during DSB repair were predominantly 1 bp insertion and short deletions. Furthermore, our deep sequencing and analysis did not detect any off-targets in multiple CRISPR/Cas transgenic Arabidopsis lines, indicating that the mutagenesis effect of CRISPR/Cas is highly specific in plants.
Results
Pattern and Flow of Targeted Gene Modifications. Previously we have reported that CRISPR/Cas induces a high frequency of mutations in the BRASSINOSTEROID INSENSITIVE 1 (BRI1), JASMONATE-ZIM-DOMAIN PROTEIN 1 (JAZ1), GIBBER-ELLIC ACID INSENSITIVE (GAI), MAGNESIUM CHELA-TASE SUBUNIT I (CHLI), and TRANSPARENT TESTA 4 (TT4) target genes, or correction of the GUUS reporter gene in T1 transgenic Arabidopsis plants (6, 7) . Only chimeric and WT plants were found in the T1 generation, and no plants were homozygous,
Significance
The CRISPR (clustered regularly interspaced short palindromic repeat)/Cas (CRISPR-associated) system has been used to generate targeted gene editing in plants. However, it is not known whether CRISPR/Cas-induced gene modifications in plants occur in somatic cells only or whether some or all of the modifications can enter the germ line to become heritable. Through systematic and multigenerational analysis, this study demonstrates that although the majority of gene modifications detected in the first generation CRISPR/Cas transgenic Arabidopsis plants were somatic mutations only, heritable mutations could be found in subsequent generations. In addition, deep sequencing of CRISPR/Cas-modified Arabidopsis genomes did not detect any off-targets. The work demonstrates that the CRISPR/Cas method can effectively create specific gene modifications in planta that are stably transmitted through the germ line to future generations.
heterozygous, or biallelic for any mutation or modification (6, 7) . In the present study, to investigate how the CRISPR/Cas system causes modifications of target genes and how the modified genes flow through subsequent generations, we analyzed the T2 and in some cases T3 progenies of some of these plants. In addition, we analyzed T1 and T2 transgenic plants for the APETALA 1 (AP1) target gene. Data from the GAI gene are shown here, and similar results from other genes are in SI Appendix, Fig. S1 and Table S1 .
Arabidopsis plants were transformed with a construct containing the Cas9 gene and a single-stranded guide RNA (sgRNA) targeting the GAI gene, and many hygromycin-resistant T1 plants were recovered (6) . Examination of a few leaves from early T1 seedlings revealed three types of NHEJ mutations: r1 1-bp replacement, d3 3-bp deletion, and d4 4-bp deletion (Fig. 1) . This analysis only demonstrated that targeted gene mutations happened at T1 or earlier but was not intended to find all mutations that could occur at various stages of T1 plant development.
Detailed studies were conducted at T2 and T3 generations to detect various possible mutations and mutation patterns. At the T2 generation, the mutations can be classified into five types (Fig. 1) . Some T2 plants were found with both copies of the GAI gene mutated, either the same mutation [i.e., homozygous (line 55-3)] or different mutations [i.e., biallelic (line 55-21)]. All 34 T3 plants examined from homozygous T2 plant 55-3 were homozygous for the same d3 mutation, showing that the d3 mutation caused through NHEJ by the CRISPR/Cas system passed from T2 to T3 generation without any additional mutation, even when Cas9 enzyme was present in those plants (Fig. 1 , Table 1 , and SI Appendix, Fig. S1 , and Table S1 ). All of the many homozygous T2 lines from BRI1 gene editing also produced homozygous T3 progenies (SI Appendix, Fig. S1 and Table S1 ). Similarly, both d3 and d5 mutations from Line 55-21 passed from T2 to T3 generation, with a ratio of 6d3d3:14d3d5:9d5d5. A χ 2 test showed that there is no significant difference between this ratio and the expected 1:2:1 ratio if the mutations were inherited following the classic Mendel's law. The Cas9 construct was already segregated out in this line by the T2 generation. Another genotype detected at T2 was heterozygous, with one mutation, for example, d1 mutation in line 46-26. The 8d1d1:12d1WT: (2WTWT+4chi) ratio in T3 was also consistent with a Mendelian inheritance of the d1 mutation. The four chimeric T3 plants from this line are likely from continued CRISPR/Cas activity on the WT GAI gene. The Cas9 construct in this line also segregated by the Mendelian pattern. T2 chimeras showed more complex patterns in transmitting mutations to the T3 generation. Whereas homozygous, chimeric, and WT plants were found in the T3 of chimeric T2 line 46-39 of the GAI target gene ( Fig. 1 and Table 1) , heterozygous, chimeric, and WT T3 plants were the progenies of two chimeric T2 lines of the BRI1 gene (SI Appendix, Fig. S1 and Table  S1 ). All T2 lines that were WT for the target genes but positive for the CRIPR/Cas construct showed mutations in the T3 plants (Fig.  1 , Table 1 , and SI Appendix, Fig. S1 and Table S1 ).
Stability of Mutations. We determined the target site genotypes of many T2 and T3 lines for different target genes and multiple target sites (Table 1 and SI Appendix, Table S1 ). All possible genotypes (i.e., WT, homozygous, heterozygous, biallelic, and chimeric) were found at the T2 generation. When 19 T2 homozygotes were examined at T3 generation, all of them faithfully passed the same mutation from T2 to T3, without any further mutation or revision (Table 1 and SI Appendix, Table S1 ). This pattern of stable inheritance was seen in the absence of Cas9 (e.g., BRI1 sgRNA2 line 5-m6) or presence of Cas9 (e.g., GAI sgRNA1 line 46-1) ( Table 1 and SI Appendix, Table S1 ). Similarly, the four biallelic T2 lines passed their mutations to the T3 generation following an expected pattern of x(homozygous for mutation 1):y(biallelic):z (homozygous for mutation 2) ( Table 1) . A χ 2 test showed that the segregation in all these four lines conforms to the Mendelian 1:2:1 ratio. Again, there was no new mutation or revision, in the presence or absence of Cas9.
If no more mutation (m) occurred in a heterozygous mutant, the expected segregation pattern would be 1mm:2mWT:1WTWT. If new mutation occurred, then some of the mWT and WTWT genotypes could be biallelic, and even chimeras could appear. We followed five T2 heterozygous lines to the T3 generation. All of them exhibited the expected 1:2:1 segregation, and new mutations were detected in T3 plants in the form of chimeras.
We defined chimera as a plant with at least three different sequences (including WT) detected at the target site. A chimera must have different mutations at the target site in different parts of the plant. One, two, or none of the detected mutations may be passed to a progeny in the next generation. Six chimeric T2 lines for two different target genes were examined at T3 generation (Table 1 and SI Appendix, Table S1 ). One of the lines, 8-14 for the JAZ1 target, showed a quite interesting pattern of inheritance. Although more than half of the T3 plants were WT, homozygotes were found for three of the different mutations detected at T2. JAZ1 T2 line 4-7 showed a similar segregation pattern, indicating that different mutations can be passed to the next generation through different flowers on the same plant. The third chimeric JAZ1 T2 line, line 24-5, also had homozygous T3 plants. The two chimeric BRI1 lines had heterozygous T3 plants for one of the mutations from T2 (SI Appendix, Table S1 ).
T2 WT plants could have resulted from malfunction of the CRISPR/Cas system or segregation of T1 heterozygous lines. T3 progeny of 13 T2 WT lines with the Cas9 construct were tested for the presence of mutations; all of them harbored mutations (Table 1 and SI Appendix, Table S1 ), indicating that the CRISPR/ Cas system was still functional at T2 and/or T3 generation.
Homologous Recombination Aided by CRISPR/Cas. When the CRISPR/ Cas machinery makes a DSB, even in the presence of a suitable HR template, the DSB may be repaired by NHEJ or HR. Expression of a functional GUS gene can be easily detected by staining the plants for blue color (16); we took advantage of this and designed a GUUS reporter gene to test HR in planta (7) (Fig. 2A) .
When T1 plants were stained for GUS expression at the cotyledon stage, 5 of 44 plants showed GUS staining in the cotyledons, suggesting that correct HR occurred in approximately 11% of the T1 plants at the cotyledon stage (7) . As reported previously, the staining pattern of these five plants was mosaic, indicating that correct HR occurred in some but not all cells of the cotyledons at the T1 generation (7). Sixteen of the 44 T1 lines, including 4 cotyledon-GUS positive lines, were further tested for GUS staining at T2 generation. Among these 16 T2 populations, only 2 populations had plants that were homozygous for the corrected GUS gene. This gave an overall germ-line HR success rate of 13% (2 of 16). In contrast to T1 (7) and some T2 plants (Fig. 2B ), GUS staining of homozygous T2 seedlings was uniform (Fig. 2C ), demonstrating that some of the correct HR events in the T1 generation was passed to T2.
When Cas9 makes a DSB, some of the breaks may be repaired by HR because an HR template was provided in the construct. However, even in the presence of an HR template, some DSB might be repaired by NHEJ. To determine the extent of HR vs. NHEJ, we identified plants with homozygous modifications (mutations or corrections) from five transgenic T2 populations (Fig. 2D ). The proportion of homozygotes carrying modifications by HR ranged from 0 to 80%, giving an average of 35% ± 37%, whereas the proportion of modifications by NHEJ was 65% ± 37%.
Varieties and Inheritance of Mutations. We used CRISPR/Cas to edit several target genes, and in some cases several target sites in the same gene. With this variety in gene editing, we are interested in knowing how many types of NHEJ mutations usually occur at each of the examined generations in the presence of the CRISPR/ Cas system, whether these mutations are equally transmitted to progenies, and whether the pattern of mutations and their inheritance depend on the target gene or target site. Related data are summarized in Fig. 3 and Table 2 , and a detailed listing of detected mutation genotypes and their frequencies is in SI Appendix, Table S2 .
After DSB, many types of mutations caused by NHEJ repair were detected (Fig. 3) . The majority of the mutations were deletions, closely followed by insertions (Left Inset, Fig. 3 ). Base replacement and combined mutations (at least two mutation types) also occurred, albeit at much lower frequencies. The length of the mutations was predominantly 1 bp change (Right Inset, Fig. 3 ). There was a 150-bp distance between the two sgRNA target sites in the AP1 gene and a 229-bp gap between the two target sites in the TT4 gene; and the close distance between the two sites correlated with a significant percentage (25.8% in Right Inset, Fig. 3 ) of deletions between the two target WT, wild-type sequence with no mutation detected; d#, number of bases deleted from target site; d#a, the same number of deletion as in d# but different position was deleted; i#, number of bases inserted at target site, r#, number of bases replaced at target site; chi, chimeric; +, Cas9 detected; −, Cas9 not detected.
sites. There were some mutations that caused changes in 2 or 3 or even 10-100 bp, but longer mutations were rare. Nearly all of the insertions were 1 bp addition (Fig. 3) ; and base substitution also mostly involved 1 bp. In contrast, a considerable number of deletions involved relatively longer sequence segments.
Mutations were detected in T1 plants for all target sites in all target genes ( Table 2 ). The number of different mutation types at a given target site detected at the T1 generation varied from 4 to 37 (Table 2 ). For most targets the mutation types ranged between 10 and 20. Target sites in the BRI1 gene produced large variations in the number of mutation types: five at the sgRNA2 target site and 37 at the sgRNA1 target site. For most gene targets, similar numbers of mutation types were found at T1 and T2 generations. Fewer mutation types of BRI1 gene targets were found at the T2 generation. At T3 the mutation type of the BRI1 gene was dominated by one type (Table 2) , a 1-bp insertion (SI Appendix, Table S1 ). This loss of mutation types through generations might have resulted from the fact that we only had capacity to carry a limited number of progenies to the T3 generation. In addition, at least in the case of BRI1 gene, some mutations may be more detrimental than others and may not produce viable seeds.
All of the selected T1 plants were hygromycin resistant, and most, if not all, of them should have the functional CRISPR/Cas system because it was in the same transfer DNA (T-DNA) with the hygromycin resistance gene. Of all of the T1 plants, 71.2% were found to have mutated target genes ( Table 2 ). Many homozygous mutants, nearly one-fourth, were found at the T2 generation (Table 2) . Together with heterozygotes and chimeras, more than half (58.3%) of the T2 plants bore mutated versions of the target genes. At T3 nearly half of the lines tested (47.3%) were homozygous for a mutation, and the majority (79.4%) of T3 plants harbored mutated target genes.
There was a significant percentage of WT copy of the target genes at T1 and early stages of T2. The presence of these WT targets allowed CRISPR/Cas system to make DSB on them to produce new mutations; this is evident in Table 2 , which shows that more than half (53%) of the mutations detected in T2 plants were not found at T1. In comparison, most T3 plants did not have new mutations, except for the JAZ1 target that did not have a homozygous mutant line at T2.
We examined the phenotypes of some T3 plants bearing the same mutation of 1 bp insertion in the DSB site of the BRI1 target gene. All of these plants showed the same phenotype of small stature with bushy and wrinkled leaves (SI Appendix, Fig.  S2 ). Even though the mutations were different in some lines for the TT4 targeted gene, the transparent testa phenotypes were indistinguishable (SI Appendix, Fig. S3 ).
Specificity of the CRISPR/Cas-Induced Gene Editing. To evaluate the potential off-target effects of CRISPR/Cas, we carried out wholegenome sequencing on T1 or T2 Arabidopsis plants transformed with a CRISPR/Cas construct targeting GAI. The sequencing depth was approximately 60× (SI Appendix, Table S3 ). The Col-0 WT plants that the transgenic plants were derived from were also sequenced as a control. As shown in SI Appendix, Table S4 , the number of SNPs and indels detected in the CRISPR/Cas transgenic plants was similar to the WT control plants compared with GenBank Arabidopsis reference sequence (SI Appendix, Table S4). Compared with one of the Col-0 WT controls, the numbers of SNPs and indels in the transgenic plants were smaller than compared with the GenBank reference genome 10, but the numbers were comparable to those in the other Col-0 WT control. These data suggested that the WT Col-0 we used may have some small sequence differences with the Arabidopsis reference genome in the GenBank. The data further suggest that the SNPs and indels detected from the genome resequencing of the transgenic plants were likely due to sequencing errors and that the CRISPR/Cas did not cause large numbers of off-target mutations, if any. We developed a biased workflow to identify the candidate offtarget sites (SI Appendix, Fig. S4 ). According to previous reports, the off-target sites should have significant sequence similarities with the targets, and the last 12 bp of the 20-bp target sequence was most important (1, 12, 13, 17) . Therefore, we generated two groups of putative target sites of CRISPR/Cas by the Blastn algorithm using the full 20-bp target sequence and the critical last 12-bp sequence (i.e., 9-to 20-bp fragment of the 20-bp target) as queries, respectively. These sites were used to search the corresponding SNPs and indels datasets to generate a shortlist of likely off-target sites. The sequencing reads of these putative offtarget sites were then manually checked using Integrative Genome Viewer (IGV) to confirm the existence of a likely mutation caused by CRISPR/Cas. The presence of protospacer adjacent motif (PAM) was required for the site to be considered as a candidate site. In the end our analysis found no off-target site for all of the samples sequenced (Table 3 ). In contrast, the expected mutations in the intended target sites were easily identified for all samples (SI Appendix, Figs. S5-S8).
We also used PCR to directly test four putative off-targets of GAI sgRNA1 in the homologous genes of GAI followed by sequencing. No mutation was detected in any of the putative offtargets from approximately 60 T1 plants examined (Table 4) . These analyses suggest that CRISPR/Cas-induced mutagenesis is highly specific in plants.
Another way to test for off-targets is to determine whether a mutated target site is subjected to continued CRISPR/Cas action, which would generate new mutations. Data in Table 1 and SI Appendix, Table S1 show that once the target site is fully mutated, in the cases of homozygous and biallelic plants, there was no new mutation in the next generation. This suggested that the CRISPR/Cas system was not able to make DSB on any of the altered target sites, even when the alteration was only 1 bp (Table 1 and SI Appendix, Table S1 ).
Discussion
Humans thrive when and only when food supply is sufficient. Most of our foods are from improved varieties of animals and plants. Crop improvement by breeding has been largely based on genetic diversity that came from a long history of natural mutations. As the demand on food accelerates and the pressure on crop breeding continues to build, the need to create gene diversity through rapid mutation becomes urgent. In the last few decades mutagenesis of plant genes by means of chemical treatment and radiation has been extensively used to create new traits in plants. Although these agents can greatly speed up the mutation process, the resulting changes are random in terms of which genes are mutated and the direction of the mutations. For these reasons, plant biologists have been searching for a way to specifically, precisely, and easily edit plant genes. Zinc finger nuclease (ZFN) and, more recently, transcription activator-like effector nuclease (TALEN) have been tested as tools for targeted plant gene editing. Several publications have reported successful modifications in native plant genes, but both methods are tedious, expensive, and with only a small number of genes modified so far (18) (19) (20) (21) (22) (23) (24) (25) . In sharp contrast, we report specific modifications of seven genes in this study in the span of just a few months, demonstrating the extremely easy-to-use feature of the CRISPR/Cas system. We tested both native and transgenes, and all of them were successfully edited, resulting in homozygotes of mutated or corrected genes. The success rate is 100%. Our results show that the efficiency of the CRISPR/Cas system is high enough that plants with edited genes can be easily found by molecular analysis; no phenotypic marker is necessary.
When Arabidopsis plants are infiltrated for the transformation, the CRISPR/Cas components are inserted into the genome of some cells of the infiltrated plants (T0). The Cas9 enzyme may then be expressed and hence cause DSB that is repaired through NHEJ, resulting in mutations. We did not test T0 plants to determine whether any mutations of target genes occurred in the T0 generation. If such events happened in the germ-line cells, mutant heterozygotes, or even homozygotes and biallelic plants, could be expected in the T1 generation. In the seven target genes and 12 target sites examined in this study, we did not find any of these genotypes at T1 (Table 2) , indicating either that mutations did not occur in the germ-line cells at T0 or that such event was rare. By comparing the data at T1, T2, and T3 generations in Table 2 , it is clear that editing of the target genes took place at high frequency at T1 and that some of the mutations passed to T2 and then T3 following the Mendelian model. In some Cas + lines, even when no mutation was detected at the early seedling stage at T1, homozygous mutant plants were found at T2 (Table  1 and SI Appendix, Table S1 ), suggesting that the gene editing arising at late T1 stage can be transmitted to the next generation. Mutations continued to occur in plants with a WT copy of the target gene segregated from heterozygotes, demonstrating that the CRISPR/Cas system was stable and fully functional in later generations. This provided ample opportunity for the target gene to be edited. Col-1 and Col-2 were 2 WT controls. Two of the transgenic lines were from the T1 generation, and the third line was from T2. Table 4 . Detection of possible mutations in genes highly homologous to the CRISPR/Cas target gene GAI PAM motifs are indicated in pink, mismatched nucleotides in bold, and mismatched nucleotides located in the last 12bp of the core sequence are bold and underlined.
Clearly, many of the mutations detected in T1 plants were somatic mutations only because they were not found in the corresponding T2 populations. Thus, consistent with the fact that germline cells constitute only a very small proportion of the entire cell population of a plant, the frequency of mutations detected in T1 seedlings seems to reflect the extent of somatic mutations but does not provide a good indication of germ-line mutation rate at T0 or T1. Our study suggests that screening of heritable mutations should be done in T2 or later generations. In the future, the use of germline-specific promoters to drive Cas9 expression is expected to increase the rate of germ-line mutations while avoiding or reducing the number of somatic mutations.
Genetic transformation of plants with foreign genes has been used extensively to create novel traits. Some of these traits, such as herbicide tolerance and insect resistance, have been successfully applied to large-scale commercialization and brought both economic and environmental benefits. However, the creation of transgenic crops is expensive; one of the reasons is that the insertion location of the foreign gene construct into the host genome by current technologies cannot be controlled. Therefore, expression level of the transgene varies from event to event and cannot be predicted. As a result, many transgenic events have to be generated and screened to find an event with a suitable insertion site and a desirable level and pattern of expression of the transgene. Because the CRISPR/Cas system facilitates HR, in the future this system could allow a gene, or a whole construct, to be precisely inserted into a specific location of a host plant genome. Besides simplified event screening and evaluation, this system would also reduce or even eliminate the risk of adventitious gene insertion. At present, delivery of the gene of interest as a template for HR in planta remains a formidable challenge.
Off-targeting is a concern for both the ZFN (26) and TALEN (27) gene editing systems. It has been reported that there is a high frequency of off-target effect of CRISPR/Cas-induced mutagenesis in human cells (12, 13 ) and a lower off-target effect in mice and zebrafish (14, 15) . In this study, our whole-genome sequencing and candidate gene sequencing assays did not detect any off-target genome modifications in Arabidopsis. Although these assays may not have been sensitive enough to detect low efficiency off-target modifications and the data cannot rule out the possibility of off-targeting of CRISPR/Cas system in other plant species or for other target genes, the data suggest that the specificity of the CRISPR/Cas gene editing system is high in plants. Another way to check for targeting specificity is to examine whether the mutated target gene is subjected to further editing. All of the mutations we checked (Table 1 and SI Appendix,  Table S1 ), even for the ones with only 1 bp change (deletion, insertion, or replacement), there was no evidence of new modifications on the mutated gene. This result further supports that the sgRNA targeting is specific to the original target sequence.
In this study, CRISPR/Cas was tested for seven genes at 12 different target sites in Arabidopsis. Gene editing occurred at high frequency in all of the targets, as indicated by the NHEJ mutations detected in the progenies. Mutations caused during DSB repair were predominantly short deletions and 1 bp insertion; these mutations were stably inherited in the progenies at both T2 and T3 generations following classic the Mendelian model. Once both copies of a target gene are mutated, as in a homozygous or biallelic edited plant, the genotype is stable and resistant to further editing by the CRISPR/Cas. Gene editing by HR was also achieved at a relatively high frequency for the GUUS reporter gene such that a corrected version of the GUS gene was easily found. Our data demonstrated that the CRISPR/Cas gene editing system is very specific, such that no off-targeting was found for any the targets we tested in Arabidopsis, and even a single mutation at a target site rendered the site inaccessible to the CRISPR targeting. Our systematic study clearly showed that the CRISPR/Cas system is highly efficient and specific in editing Arabidopsis genes and that the edited target genes can be stably inherited.
Materials and Methods
Detailed information is provided in SI Appendix and our previous publications (6, 7) . In brief, the target regions were amplified by PCR using primers listed in Table S3 , and cloned into the pEASYBlunt vector (Transgen Biotech, China) for analysis by Sanger sequencing. Whole genome sequencing was performed using the Illumina Hiseq 2500. Identification of SNPs and indels was done by using the SAMtools software, using TAIR 10 as reference. The candidate off-targets were identified by the Blastn algorithm and confirmed manually with the IGV software.
Supporting Appendix

SI Material and Methods
Growth of Arabidopsis
Arabidopsis thaliana ecotype Columbia (Col-0) was used in all experiments. Seeds were sown on 1/2 MS plates and stratified for 3 days at 4°C, then grown under long-day conditions (16 h light/8 h dark) at 22 °C for 5 days before being transplanted to soil.
Screening of T2 transgenic plants with endogenous gene targets
Seeds from T1 transgenic Arabidopsis plants were collected and sowed in soil for phenotyping. DNA was extracted from leaves 4 weeks after planting. The existence of CRISPR-Cas T-DNA was confirmed by PCR using primers HFP3 and HFP4、cas9-2F and cas9-R. Furthermore, the target regions were amplified by PCR with corresponding primers and the PCR products were sequenced. The primers used in the PCR reactions are listed in Supplemental Table 3 . The samples showing multi peaks in the target sites were further analyzed by Sanger sequencing of the PCR product after cloning into the pEASY-Blunt Cloning vector (Transgen Biotech, China), At least 12 clones were sequenced for each sample. The samples showing single mutation or wild type sequence peaks in the target sites were marked as homozygotes or wild type plants, respectively.
Genotyping of T3 transgenic plants
Seeds from different T2 transgenic lines were grown on 1/2 MS plate in controlled growth chambers. The ten-day old seedlings were prepared for extracting genomic DNA. The target region was sequenced to identify the genotype of T3 generation. The PCR products of bi-allele、 heterozygote and chimera plants were then cloned into pEASY-Blunt Cloning vector and a number of clones were sequenced to confirm the genotype.
GUS staining
Whole plant of 10/15/20-day-old Arabidopsis plants were subjected to the histochemical GUS staining at 37°C for 12h as previously described (1) and decolorized in 70% EtOH before photographing with a BX51 microscope (BX51, Olympus, Japan).
Whole genome sequencing and off-target identification
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